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[1] The water mass changes in the Makarov Basin and adjacent areas associated with the
recent loss of Arctic sea ice had not been studied in detail. We combined data obtained
from multiple cruises in these regions and used chemical tracers to investigate the spatial
and temporal changes in water masses. Our data show that a previously present temperature
maximum water has disappeared from the Makarov Basin and Chukchi Abyssal Plain
due to enhanced cooling and convection in the East Siberian Sea. In addition, a large
volume of water has formed by cooling and convection and is flowing into the Makarov
Basin, producing a temperature minimum with relatively high nutrients and resulting
in a shoaling of the nutricline. This temperature minimum water likely originated from the
eastern part of the East Siberian Sea, where significant open water areas appeared after
2005 in the freeze-up season. The water mass boundary between this temperature minimum
water and the Pacific-origin temperature minimum water shifted westward from the
Chukchi Plateau in the early 2000s to the Mendeleyev Ridge in the late 2000s, probably
owing to a westward flow of the enhanced Beaufort Gyre associated with recent sea ice loss
in the Canada Basin. Although the shoaling of the nutricline in the Makarov Basin could
increase phytoplankton production, such production could decrease in the southern
Makarov Basin because a large amount of sea ice meltwater covers that region and might
decrease the nutrient supply from the subsurface layer.
Citation: Nishino, S., M. Itoh, W. J. Williams, and I. Semiletov (2013), Shoaling of the nutricline with an increase in
near-freezing temperature water in the Makarov Basin, J. Geophys. Res. Oceans, 118, doi:10.1029/2012JC008234.
1. Introduction
[2] In recent years, the Arctic has rapidly lost its summer
sea ice cover [Stroeve et al., 2007; Comiso et al., 2008;
Kwok et al., 2009]. The most catastrophic sea ice loss has
been observed in the Pacific sector of the Arctic Ocean
(western Arctic Ocean), where the spatial pattern of this
ice loss has been well correlated with the spatial distribution
of warm water from the Pacific Ocean [Shimada et al., 2006].
The loss of sea ice during summer increases the absorption of
solar energy [Perovich et al., 2007] and changes properties of
the surface water, such as the near-surface temperature max-
imum in the Canada Basin [Jackson et al., 2010]. In the
winter freeze-up season, the surface water in the area of sea
ice loss loses heat to the atmosphere. Sea ice then forms,
accompanied by brine rejection and vertical convection.
For example, the vertical convection in the polynyas in the
Chukchi Sea [Weingartner et al., 1998; Shimada et al.,
2005] and in the winter mixed layer in the eastern Arctic
Ocean [Shimada et al., 2005; Itoh et al., 2007] could have
formed the large volume water masses with high oxygen con-
centrations that have been found in the northern Chukchi
Sea/southern Canada Basin and the northern Canada Basin,
respectively. Because of recent losses of sea ice in summer
and the subsequent thin and fragmented ice floes in winter,
the wind can drive the ocean circulation more effectively.
This has enhanced the Beaufort Gyre in the Canada Basin
[Shimada et al., 2006; Yang, 2009], and as a result, more
fresh water has accumulated within the Beaufort Gyre
[Proshutinsky et al., 2009]. This deepens the nutricline,
which may decrease phytoplankton production [McLaughlin
and Carmack, 2010]. In this region, instead of vertical nutri-
ent supply from the deepened nutricline to the euphotic zone,
lateral transport of nutrients by eddies has become more im-
portant than previously. Nutrient transports by these eddies
could impact the phytoplankton distribution [Nishino et al.,
2011a]. Such eddies may appear more frequently because
they are likely formed by baroclinic instability of the
enhanced westward flow of the Beaufort Gyre associated
with the recent loss of sea ice [Kawaguchi et al., 2012]. Much
of our understanding of the effects of sea ice loss comes from
measurements collected in the Canada Basin east of the
Chukchi Plateau (see the topography given in Figure 1). In
contrast, little is known about the water mass distributions
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and their temporal changes in relation to the sea ice loss west
of the Chukchi Plateau (i.e., the Chukchi Abyssal Plain and
the Makarov Basin).
[3] The water mass distributions in the Canada Basin east
of the Chukchi Plateau have been well studied. The upper
part of the ocean is largely influenced by Pacific-origin wa-
ter, which can be classified into two types based on seasonal
modifications of the Chukchi Sea shelf: Pacific summer wa-
ter (PSW) and Pacific winter water (PWW), which compose
the upper halocline (depth< 200m) and are characterized by
a temperature maximum (S = 31–32, defined by the dimen-
sionless practical-salinity-scale PSS-78 [UNESCO, 1981];
depth< 80m) and a temperature minimum (S ~ 33; depth =
100–150m) [Coachman and Barnes, 1961]. The PWW is
also characterized by a nutrient maximum. In winter, mini-
mal biological uptake of nutrients occurs in the Bering and
Chukchi Seas [Hansell et al., 1993; Codispoti et al., 2005],
and regenerated nutrients are added from the shelf sediments
[Jones and Anderson, 1986]. The spreading of this nutrient-
rich PWW into the Canada Basin maintains the nutrient
maximum layer. Below the PWW lies the lower halocline
water (LHW; S ~ 34.2, depth = 200m), derived from shelf
areas of the Atlantic sector of the Arctic Ocean, i.e., the east-
ern Arctic Ocean [Aagaard et al., 1981; Jones and Ander-
son, 1986] or basin areas of the eastern Arctic Ocean [Rudels
et al., 1996; Itoh et al., 2007]. Deeper still, areas below the
LHW are occupied by warm water originating from the
Atlantic Ocean with a temperature maximum at 300–500m
depth.
[4] The PSW is further classified into Alaskan coastal wa-
ter and Bering Sea water. The former is warmer, has a lower
salinity, and is carried by a current along the Alaskan coast,
whereas the latter is cooler, has higher salinity, and occupies
the bulk of the central Chukchi Sea [Coachman et al., 1975].
Shimada et al. [2001] called the former eastern Chukchi
summer water (ECSW) and the latter western Chukchi sum-
mer water (WCSW); we use this nomenclature to specify the
season in which the waters pass through the Chukchi Sea
shelf area. Shimada et al. [2001] also reported that ECSW
is carried into the Canada Basin by the Beaufort Gyre and
forms a temperature maximum at S= 31–32, which is signif-
icant east of the Chukchi Plateau. In contrast, WCSW seems
to spread into the Chukchi Abyssal Plain west of the Chukchi
Plateau, forming a temperature maximum around S= 32.5 (at
least this was the case in the early 2000s) [Shimada et al.,
2001; Steele et al., 2004]. Although this is the most well-
known feature of the Pacific-origin water west of the Chukchi
Plateau, basic characteristics such as its spatial and temporal
variations are not clear.
[5] Nishino et al. [2008] studied the water mass distribu-
tions in the Chukchi Abyssal Plain by analyzing data
obtained in the summer of 2004. They found that the temper-
ature maximum ofWCSW (S ~ 32.5) was sandwiched by two
temperature minimum waters. The deeper temperature mini-
mum water corresponded to PWW of S ~ 33. The shallower
temperature minimum water (S ~ 32), which was fresher than
PWW, was first reported in their study. Hereafter, this is re-
ferred to as fresh temperature minimum (frTmin) water.
The frTmin water was supposed to be formed by cooling of
the upper part of the WCSW during winter because the water
there contained a large amount of sea ice meltwater. Nishino
et al. [2008] also suggested that the Chukchi Plateau was a
boundary between water masses, at least in the summer of
2004. The temperature minimum of frTmin water (S ~ 32)
and the temperature maximum of WCSW (S ~ 32.5) were
only found west of the Chukchi Plateau. In contrast, a larger
volume of PWWwas found east of the Chukchi Plateau com-
pared to the west. Such differences in water masses could
cause different responses of biological production to sea ice
loss in summer [Nishino et al., 2011b]. In the Canada Basin
east of the Chukchi Plateau, the enhancement of the Beaufort
Gyre due to sea ice loss has deepened the nutricline and
the nutrient-rich PWW as described above [McLaughlin
and Carmack, 2010]. This, in turn, may have decreased
Figure 1. Map showing bathymetric features of the study area and locations of the hydrographic stations of
the R/VMirai cruises in 2002, 2004, 2008–2010 (blue); the CCGS Louis S. St-Laurent cruises from 2003 to
2010 (Canada/U.S. Beaufort Gyre Exploration Project; red); the USCGC Polar Star cruise in 2002 (Chukchi
Borderland Project; yellow); and the cruise of Russian vessel Yacob Smirniskyi in 2008 (ISSS-08, International
Siberian Shelf Study 2008; green). Closed circles indicate CTD and hydrographic water sampling stations;
open circles indicate CTD observation stations. Geographical locations are abbreviated as follows: Canada
Basin (CB), Northwind Ridge (NWR), Chukchi Plateau (CP), Chukchi Borderland (CBL), Chukchi Abyssal
Plain (CAP), Mendeleyev Ridge (MR), and Makarov Basin (MB).
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biological production. In the Makarov Basin, which is located
west of the Chukchi Plateau and outside the Beaufort Gyre, the
nutricline is shallower than in the Canada Basin and nutrients
are presumably supplied from shelf areas. Thus, biological
production could increase there under improved light condi-
tions with the disappearance of sea ice cover [Nishino et al.,
2011b]. These studies shed light on the spatial variation in
water masses and their influence on the biological response
to summer sea ice loss. However, the origin, formation mech-
anism, and temporal changes of the water masses west of the
Chukchi Plateau have not been well studied. In addition, it is
not known how the temporal changes are related to the recent
loss of sea ice. Changes in the characteristics of water masses
transported into the Canada Basin through ocean circulation
should also be clarified because such changes may affect bio-
logical production in the Canada Basin.
[6] Here we examine the temporal changes in frTmin water
and WCSW west of the Chukchi Plateau and the association
of these changes with the sea ice loss in the East Siberian Sea.
The origin of the frTmin water is discussed using data from
the East Siberian Sea. We also investigate the shift in the
water mass boundary that appeared near the Chukchi Plateau
in 2004. Furthermore, we examine the annual change in
ocean circulation in the Canada Basin and the propagation
of the upstream water mass changes into the basin. The bio-
logical responses to the changes in water mass distribution
controlled by the ocean circulation are also discussed.
2. Data and Methods
[7] We combined the data obtained during cruises of the
R/VMirai in 2002, 2004, and 2008–2010; the CCGS Louis S.
St-Laurent from 2003 to 2010 (Canada/U.S. Beaufort Gyre Ex-
ploration Project); the USCGC Polar Star in 2002 (Chukchi
Borderland Project); and the Russian vessel Yacob Smirniskyi
in 2008 (ISSS-08, International Siberian Shelf Study 2008).
The expedition dates are summarized in Table 1. The data
cover the Chukchi Sea, East Siberian Sea, Makarov Basin,
and Canada Basin (Figure 1). The expeditions of the R/V
Mirai, an ice-strengthened ship, were conducted during the
time of the largest sea ice retreat (around mid-September) in
the open water area of the western Arctic, especially focused
on the western Canada Basin. The CCGS Louis S. St-Laurent
cruises were carried out during summer in the central Canada
Basin, and they especially focused on the Beaufort Gyre area
[e.g., Proshutinsky et al., 2009]. Therefore, for the years
when both cruises were conducted, the data cover wide areas
of the Canada Basin. The data obtained a decade ago by the
Chukchi Borderland Project are valuable to study temporal
changes in water masses by comparison with the recent
R/V Mirai data in the Chukchi Borderland area. The ISSS-
08 cruise acquired data from an extensive area of the East
Siberian Sea. Analysis of data collected by the Russian vessel
Yacob Smirniskyi, R/VMirai, and CCGS Louis S. St-Laurent
allowed us to investigate the Siberian shelf-basin interaction
and its influence to the Canada Basin.
[8] General descriptions of the R/V Mirai cruises are pre-
sented in the cruise reports [Shimada, 2002, 2004, 2008;
Kikuchi, 2009; Itoh, 2010], which can be downloaded with
the data from the Japan Agency for Marine-Earth Science
and Technology (JAMSTEC) at http://www.godac.jamstec.
go.jp/cruisedata/mirai/e/index.html. Data on the CCGS
Louis S. St-Laurent cruises and some associated documents
[e.g., McLaughlin et al., 2008, 2010] can be downloaded
from the website of the Beaufort Gyre Exploration Project,
Woods Hole Oceanographic Institution (http://www.whoi.
edu/beaufortgyre/). Data on the USCGC Polar Star cruise
in 2002 and the cruise report [Woodgate et al., 2002]
can be downloaded from the Chukchi Borderlands website,
Polar Science Center, Applied Physics Laboratory, Univer-
sity of Washington (http://psc.apl.washington.edu/CBL.html).
Anderson et al. [2011] provided a detailed description of
the collection methods of the ISSS-08 data [Semiletov and
Gustafsson, 2009], and these data are available to the public
upon request via the International Arctic Research Center
(IARC) at http://www.iarc.uaf.edu/research/data.
[9] Using conductivity, temperature, depth (CTD) sys-
tems, data on temperature, salinity, oxygen, and chloro-
phyll-a (CTD-Chl) were acquired. The downloaded salinity
and oxygen data were calibrated by comparing the raw data
from the CTD systems to the bottled seawater data of
salinity (analyzed using AUTOSAL salinometers) and oxy-
gen (obtained by Winkler titration), respectively. The down-
loaded CTD-Chl data were not calibrated. In some stations,
Chl-a concentrations of bottled seawater were measured
using a fluorometric non-acidification method [Welschmeyer,
1994]. Both values were closely correlated. Furthermore, the
basin-scale CTD-Chl distribution seems to be consistent with
the nutrient distribution as described in section 3.6. The qual-
ity of CTD-Chl data was therefore good enough for a qualita-
tive analysis of the basin-scale distribution.
[10] Data on nutrients, oxygen, and total alkalinity of bot-
tled seawater were used in this study. These parameters were
analyzed on board the research vessels: nutrients by continu-
ous flow automated analytical systems [Gordon et al., 1993],
oxygen by Winkler titration based on the WOCE Hydro-
graphic Programme method [Dickson, 1996], and total alka-
linity by potentiometric titration [Haraldsson et al., 1997;
Yao and Byrne, 1998]. The total alkalinity values were
calibrated against certified reference material provided by
Dr. Dickson of the Scripps Institute of Oceanography. From
these bottled seawater data, we calculated parameters of N*,
NO, and the fraction of sea ice meltwater (fSIM), as de-
scribed below, to examine the characteristics of water
masses and the water mass distribution.
[11] The parameter N* was defined following Gruber and
Sarmiento [1997] and expressed as N* = 0.87([NO3
] 16
Table 1. Expedition Dates
Expedition Month
Mirai 2002 2 September to 10 October 2002
2004 1 September to 12 October 2004
2008 26 August to 9 October 2008
2009 7 September to 15 October 2009
2010 2 September to 16 October 2010
LSSL 2003 7 August to 7 September 2003
2004 29 July to 2 September 2004
2005 29 July to 1 September 2005
2006 5 August to 14 September 2006
2007 26 July to 31 August 2007
2008 17 July to 21 August 2008
2009 17 September to 15 October 2009
2010 15 September to 15 October 2010
CBL 2002 19 August to 23 September 2002
ISSS 2008 15 August to 26 September 2008
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[PO4
3] + 2.9) (mmol/kg). It refers to the nitrate deficit (nega-
tive values) or excess (positive values) with respect to phos-
phate. Under a process of denitrification, nitrate is used
for organic matter decomposition instead of oxygen and is
removed as free nitrogen gas from the water column, result-
ing in a decrease in N*. However, if nitrogen fixation occurs
(the process by which nitrogen gas in the atmosphere is fixed
into organisms in a water column), the N* value increases.
The constant value 2.9 was used to make the global average
of N* for the ocean zero, and the value of 0.87 was used
to account for phosphate released by the regeneration of
organic matter during denitrification. In the Chukchi Sea,
significant denitrification occurs within shelf sediments
[Devol et al., 1997; Yamamoto-Kawai et al., 2006]. There-
fore, in water that has passed through the Chukchi Sea, N*
decreases to negative values [Codispoti et al., 2005; Nishino
et al., 2005]. In the Chukchi Sea, ammonium concentrations
reach ~4mmol/kg. Thus, it would be preferable to use the
total nitrogen including ammonium instead of nitrate for
the N* calculation [Codispoti et al., 2005; Nishino et al.,
2005]. However, ammonium data were not always obtained
in the cruises described above. If we use total nitrogen for
the N* calculation, the N* values are ~70% of those calcu-
lated from nitrate in the Chukchi Sea. These values are still
smaller than those in the basin areas. In the basin areas, am-
monium concentrations are nearly zero because there are
almost no sources of ammonium and the ammonium is
converted to nitrate through biological oxidation, i.e., nitrifi-
cation. As a result, in the basin areas the ammonium concen-
trations are negligible for the N* calculation and N* can
serve as an index of denitrification. Significant denitrifica-
tion has occurred in the shelf sediments of the Chukchi
Sea. Consequently, the spreading of low-N* water from
the Chukchi Sea into basin areas can be traced by an N*
minimum.
[12] The parameter NO was defined by Broecker [1974]
and expressed as NO= 9[NO3
] + [O2] (mmol/kg). This pa-
rameter is a quasi-conservative tracer that is independent of
biological processes in a layer isolated from the atmosphere.
It is used to distinguish among water masses with different
values of preformed nitrate and oxygen. For example, the
water in the euphotic zone (where nitrate is consumed and
oxygen is produced by photosynthesis) could lose oxygen
to the atmosphere, decreasing NO. Conversely, in water that
has experienced convection by surface cooling in winter,
ventilation could increase the value of NO. In the Arctic
Ocean, the LHW is characterized by a NO minimum, which
is caused by photosynthesis and the outgassing of oxygen to
the atmosphere in the shelf [Jones and Anderson, 1986] or
basin [Rudels et al., 1996] areas of the eastern Arctic Ocean.
Wilson and Wallace [1990] investigated the NO distribution
in the shelf seas surrounding the Arctic Ocean and found that
it was difficult to identify the source region of the NO
minimum LHW. The shelf seas had widely ranging distribu-
tions of NO, most of which were centered on the low NO
value of LHW. They also mentioned that the NO profile
had a vertical maximum at the PWW layer in the central Arc-
tic Ocean, suggesting that the water had undergone winter
convection.
[13] We calculated the fraction of sea ice meltwater (fSIM)
from the relationship of total alkalinity and salinity based on
the analysis by Yamamoto-Kawai et al. [2005]. Assuming
that the seawater sample is a mixture of Atlantic water
(ATW), sea ice meltwater (SIM), and other fresh water
(OF) that includes river runoff, precipitation, and fresh water
carried by Pacific water (PSW and PWW), which has lower
salinity than Atlantic water, the fractions of each end-mem-
ber can be calculated using the following mass balance
equations:
fSIM þ fOF þ fATW ¼ 1 (1)
fSIMSSIM þ fOFSOF þ fATW SATW ¼ S (2)
fSIMTASIM þ fOFTAOF þ fATWTAATW ¼ TA: (3)
[14] Here S and TA are the observed salinity and total alkalin-
ity of seawater, respectively, and f, S, and TA with subscripts
are the fraction, salinity, and total alkalinity, respectively, of
the three end-members of SIM, OF, and ATW. Each end-mem-
ber value is listed in Table 2. Although Yamamoto-Kawai et al.
[2005] used TAOF= 831mmol/kg for the entire Arctic Ocean,
we use TAOF=930, which is suitable for the western Arctic
Ocean according to their analysis. The fraction of sea ice melt-
water fSIM increases, when seawater is influenced by sea ice
melt in summer, and decreases, when seawater is influenced
by sea ice formation in winter. A negative fSIM implies that
sea ice formation, which removes fresh water from and ejects
brine into seawater, is dominant over sea ice melt.
3. Results
3.1. Temporal Changes in Water Masses
in the Makarov Basin
[15] Although there have been few observations in the
Makarov Basin, we can compare the data from the Chukchi
Borderland cruise in 2002 [Woodgate et al., 2002] and the
R/VMirai cruise in 2008 [Shimada, 2008] to examine tempo-
ral changes in water masses that have not yet been closely
studied (Figure 2). In 2002, research in the Makarov Basin
was conducted in late August, 1month earlier than the re-
search in 2008. However, both studies were conducted during
the season of greatest sea ice retreat (around mid-September)
in the year. Therefore, we examine not seasonal but yearly
changes between 2002 and 2008. The research area was cov-
ered by sea ice in 2002 but had open water in 2008. Because
of the lack of sea ice in 2008, the surface water could absorb
solar energy, resulting in warmer surface water than that in
2002 (Figures 2b and 2g). However, below the warm surface
water in 2008, near-freezing water occupied depths of 25–
100m. The water there was colder than that in 2002. Warm
water was found in 2002 at depths of 70–90m south of
77N, but was not found in 2008. These were not seasonal
changes because the research period in 2008 was not a cooling
phase and the warm water still existed at the surface. The
Table 2. End-Member Values Used in This Study
Salinity
Total Alkalinity
(mmol/kg)
SIM (sea ice meltwater) 4 263
OF (meteoric water, salinity deficit of Pacific
water)
0 930
ATW (Atlantic water) 34.87 2306
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changes are thought to reflect different conditions of water
mass formation in the different years. Here we analyze the wa-
ter mass characteristics to understand their temporal changes,
the disappearance of the warm water observed at 70–90m in
2002, and the formation mechanism of cold water below the
warm surface water in 2008.
[16] In 2002, a subsurface temperature maximum water
around S = 32.5, which was thought to be WCSW [Shimada
et al., 2001], appeared to spread toward the basin south of
77N (Figure 2b). The temperature maximum was sand-
wiched by two temperature minima, as described in section 1.
However, the deeper temperature minimum, which was
caused by the influence of the PWW, was not as prominent.
This was because the Makarov Basin is distant from the
source region of PWW, i.e., the Chukchi Sea. The distribu-
tion of oxygen saturation, which is a more useful parameter
to estimate the degree of ventilation and biological decay
than oxygen itself, was characterized by two minimum
layers south of 77N: one was between isohaline surfaces
of S= 32.5 and 33 and the other was just below an isohaline
surface of S = 34 (Figure 2c). The distribution of oxygen
saturation was very similar to the oxygen distribution and
the salinity values of both the minima of oxygen saturation
and oxygenwere the same. Therefore, for simplicity, we refer to
the minimum of oxygen saturation as the “oxygen minimum.”
The water in the lower oxygen minimum layer was identified
as oxygen-poor LHW [Shimada et al., 2005], which was
formed by decomposition of organic matter accumulated on
shelf slope sediments west of the Chukchi Plateau [Nishino
et al., 2009]. The upper oxygen minimum layer corresponded
to a N* minimum layer (Figure 2d). The N* minimum is a
signal of water that has passed through the Chukchi Sea shelf,
where significant denitrification occurs within the shelf sedi-
ments [Devol et al., 1997; Yamamoto-Kawai et al., 2006],
Oxygen saturation [%]
(b)
(c)
(d)
(e)
Oxygen saturation [%]
(g)
(h)
(i)
(j)
(a) (f)
aksalAaksalA
CBCB
MBMB
Chukchi 
Sea
Chukchi 
Sea
80022002
Temperature [ C] Temperature [ C]
N* [µmol/kg]
Silicate [µmol/kg]
N* [µmol/kg]
Silicate [µmol/kg]
Figure 2. (a and f) Map of stations from the shelf slope to the interior of the Makarov Basin and (b and g)
temperature (C), (c and h) oxygen saturation (%), (d and i) N* (mmol/kg), and (e and j) silicate (mmol/kg)
distributions in 2002 and 2008, respectively, along the observational line in each map of Figures 2a and 2f.
Salinity contours are superimposed on each panel of the vertical section. In Figures 2b and 2g, the positions
of the stations are indicated by inverse triangles. At stations denoted by blue and red inverse triangles, dia-
grams of the water properties are shown in Figure 3.
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leading to decreased values of N* [Codispoti et al., 2005;
Nishino et al., 2005]. In other words, in the Chukchi Sea
shelf, where WCSW occupies the bulk of the central area of
the sea during summer, both organic matter decomposition
and denitrification occur within the shelf sediments, and the
diffusion of pore water from the sediments reduces oxygen
concentrations and N* values in the bottom of the WCSW.
This is consistent with the fact that the temperature profile
was maximum at the core of the WCSW around S = 32.5,
but the oxygen and N* profiles reached minima at a deeper
level of S=32.8 (Figure 3). The decomposition of organic
matter (including the dissolution of hard parts) within the shelf
sediments remineralizes nutrients (e.g., nitrate, phosphate, and
silicate), which are supplied to theWCSW from the sediments.
Hence, WCSW is characterized by nutrient-rich water, but the
nutrient concentrations are lower than those of PWW around
S=33 (Figure 2e) [Jones and Anderson, 1986]. The spreading
of WCSW into the Makarov Basin thus forms the temperature
maximum around S=32.5 and oxygen and N*minima around
S=32.8 with relatively high nutrient concentrations.
[17] Dramatic changes from 2002 to 2008 were observed in
the distributions of physical and chemical characteristics of the
water in the Makarov Basin (Figures 2 and 3). In 2008,
WCSW disappeared and a large-volume water mass of near-
freezing temperature with a salinity range of 32.2–32.8 occu-
pied the Makarov Basin (Figures 2g and 3a). The subsurface
(S=32.2–32.8) oxygen saturation in 2008 (~85%) was higher
than that in 2002 (<60%), and there was no upper oxygen
minimum layer in 2008 (Figures 2h and 3b). The water char-
acteristics of near-freezing temperature, the higher oxygen
saturation, and the larger volume of the layer of S = 32.2–
32.8 in 2008 compared to those in 2002 suggest that the water
occupying the layer of S = 32.2–32.8 in 2008 would have
been formed by winter cooling and convection as discussed
by Shimada et al. [2005] for the cold, thick, and oxygen-rich
PWW in the southern Canada Basin. Such water mass forma-
tion has become more likely in shelf areas in recent years
because of the significant delays in winter freeze-up [Markus
et al., 2009]. The winter convection in the shelf areas in 2008
may have been strong enough to collapse the characteristics
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Figure 3. Diagrams of (a) temperature-salinity, (b) oxygen-salinity, (c) N*-salinity at almost the same
stations in 2002 (blue) and 2008 (red), and (d) schematics of the change in water characteristics from
2002 to 2008. In Figures 3a–3c, the locations of the stations in 2002 (7631.44′N, 17551.82′E) and
2008 (7620.26′N, 17619.85′E) are indicated by the blue and red inverse triangles in Figures 2b and
2g, respectively.
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of the WCSW, such as the temperature maximum and oxy-
gen minimum, resulting in the disappearance of the WCSW
in the Makarov Basin. The schematics of the change in water
characteristics are shown in Figure 3d. The water of S = 32.2–
32.8 south of 76.5N in 2008 was also characterized by a N*
minimum (Figures 2i and 3c), but the value of N* at the min-
imum was higher than that observed in 2002. This suggests
that the water was derived from the shelf area but was well
mixed vertically by winter convection. Ammonium (>0.5
mol/kg) was detected in the near-freezing and N* minimum
water of S= 32.2–32.8 south of 76.5N (data not shown).
The concentration of ammonium in the basin area in winter
is likely zero owing to nitrification, as suggested by
Whitledge et al. [1986] in their research on the Bering Sea.
Therefore, the near-freezing temperature water with ammo-
nium is not formed in the Makarov Basin in winter. Rather,
the water undergoes winter convection in the shelf area and
remains until summer when the ammonium is supplied from
the shelf sediments. Then the water spreads into the Makarov
Basin south of 76.5N during the summer. Simultaneously,
the water remaining on the shelf until summer would
decrease oxygen saturation during winter from a saturated
level to the observed level of ~85%. It would also increase
nutrient concentrations by biological processes within the
shelf sediments. Owing to this inflow of a large-volume water
mass of S= 32.2–32.8 with high nutrient concentrations, the
nutricline in the Makarov Basin just above this water mass
(i.e., just above the S = 32.2 isohaline surface) would become
shallower, as observed in 2008 (Figure 2j). It is notable that
the nutricline is deepening in the Canada Basin because
of the accumulation of fresh water within the wind-driven
Beaufort Gyre [McLaughlin and Carmack, 2010], whereas
the nutricline in the Makarov Basin is shoaling because of
the buoyancy-driven inflow described above.
3.2. Temporal Changes in Water Masses
Along the Shelf Slope
[18] As described in section 1, an east-west water mass
boundary was found around the Chukchi Plateau in 2004.
The frTmin water and WCSW were only found west of the
Chukchi Plateau; a larger volume of PWW occupied the area
east of the Chukchi Plateau than the area west of the plateau
[Nishino et al., 2008]. Here we examine the temporal changes
in water masses along the shelf slope to investigate the bound-
ary shift.
[19] At least until 2004, we observed the temperature max-
imum of WCSW west of the Chukchi Plateau. However, in
2005–2007, we collected no data in that region. After 2008,
the WCSW was no longer observed there, as described
above. Therefore, we compared the data between the periods
2002–2004 (Figures 4a–4c) and 2008–2010 (Figures 4d–4f)
along the shelf slope across the Chukchi Plateau. We ob-
served the temperature distribution (Figures 4b and 4e) that
characterizes each water mass (frTmin water, WCSW, and
PWW). However, from the temperature distribution alone,
it is difficult to examine the differences in the temperature
minima of the frTmin water and PWW. Useful information
to distinguish the waters was derived from freshwater distri-
butions. We calculated the fractions of sea ice meltwater
(fSIM) from the relationship of total alkalinity and salinity
based on the analysis by Yamamoto-Kawai et al. [2005]
(Figures 4c and 4f).
[20] In 2002–2004, there was a temperature maximum of
WCSW around S = 32.5 west of 175W and a temperature
minimum of PWW around S = 33, which was prominent east
of 170W near the Chukchi Plateau (Figure 4b). Further-
more, west of 175W, a temperature minimum was centered
on S= 32 above the temperature maximum of WCSW. The
Temperature [ C](b)
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(e)
(f)
)d()a(
Alaska
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MB
Chukchi 
Sea Alaska
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Figure 4. (a and d) Map of stations along a shelf slope from 175E to 165W and (b and e) temperature
(C), and (c and f) fSIM distributions in vertical sections along the shelf slope in 2002–2004 and 2008–
2010, respectively.
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origin of this temperature minimum was different from that
of PWW (S ~ 33), although both were likely formed by
winter convection. Nishino et al. [2008] used the fSIM distri-
bution to distinguish the origins of these waters. The distri-
bution indicated that PWW was characterized by a vertical
minimum of fSIM with large negative values. This suggested
that the water was strongly influenced by brine rejection in
winter (Figure 4c). Although the PWW seemed to be con-
fined east of 170W, based on the temperature distribution,
a thin fSIM minimum layer extended west of 170W. This in-
dicated that the PWW also spread west of 170W, but only a
little. In contrast, the coldest water around S = 32 west of
175W had a vertical maximum of fSIM with small negative
values. This near-zero value of fSIM implied a net balance
between sea ice melt (positive) and sea ice formation (nega-
tive). This suggests that the water containing sea ice meltwa-
ter in summer experienced brine rejection in winter, or that
significant sea ice melt and brine rejection did not occur.
The latter scenario may be unrealistic on the shelf. Below this
temperature minimum, around S= 32, a temperature maxi-
mum ofWCSW always appeared. Therefore, the temperature
minimum was likely caused by winter convection in the
upper part of the WCSW, which may have large amounts
of sea ice meltwater. This was referred to as frTmin water
[Nishino et al., 2008]. The temperature maximum of WCSW
around S = 32.5 would correspond to the lower part of the
water that was not influenced by winter convection and
cooling from the sea surface.
[21] Furthermore, we newly analyzed the vertical sections
of temperature and fSIM in 2008–2010. In 2008–2010, the
western boundary of the prominent temperature minimum
of PWW around S= 33, which was found roughly at 170W
near the Chukchi Plateau in 2002–2004, moved westward
to 180E near the Mendeleyev Ridge (Figure 4e). Likewise,
the western boundary of the thick and prominent fSIM mini-
mum layer around S= 33 was also found at 180E in 2008–
2010 (Figure 4f). West of 180E (west of the Mendeleyev
Ridge), there was a new type of water with a temperature
minimum around S = 32.5. On the basis of only the tempera-
ture distribution, it would be difficult to identify this water as
the frTmin water or PWW. This temperature minimum water
was also characterized by an fSIM maximum of around
S= 32.5, which is obviously different from the fSIM minimum
of PWW of around S = 33. As described above, the large
values of fSIM around S= 32.5 suggest that the water might
have originally been WCSW that contained a large amount
of sea ice meltwater in summer and then experienced winter
convection over the shelf area, before spreading to the shelf
slope and basin areas. Enhanced cooling of the water column
in the shelf area probably collapsed the characteristic temper-
ature maximum of the WCSW. Therefore, the temperature
minimum water of S ~ 32.5 could be classified as the frTmin
Figure 5. (a) Differences in Arctic sea ice concentration (%) in October between the low ice phase (2005–
2010) and a long-termmean (1979–2004), and (b) the open water area (105 km3), defined as an area where the
sea ice concentration is less than 15%, in the region between 160E and 180 and south of the 50m isobath
during 1998–2010. Data were generated from Special Sensor Microwave/Imager (SSM/I) observations using
the NASA Goddard algorithm [Comiso et al., 2008] and were archived by the National Snow and Ice Data
Center (NSIDC). In Figure 5a, yellow contours indicate isobaths of 50, 100, and 2000m.
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water. The eastern boundary of the frTmin water also moved
from 170–175W to 180E. The westward migration of these
water masses may be consistent with an enhanced Beaufort
Gyre and westward flow along the shelf slope. We discuss
this point further later in this paper.
3.3. Sea Ice Distribution in the Early Freeze-Up Season
[22] The disappearance of WCSW and the appearance of
cold, thick, and oxygen-rich water around S ~ 32.5 in the
Makarov Basin could be associated with winter cooling and
convection in shelf areas, where the significant delays in
winter freeze-up could have caused the latter water to form
more frequently. To identify where this water could have
formed before the winter freeze-up, we examined the sea
ice distribution in October, when the surface water cooling
begins. We calculated differences in Arctic sea ice concentra-
tion between the low ice phase (2005–2010) and a long-term
mean (1979–2004) in October (Figure 5a). The sea ice con-
centration was greatly reduced during the recent low ice
phase in the eastern part of the East Siberian Sea and the
Chukchi Sea shelf slope at 180–160W, 73–75N. Therefore,
these two regions are possible sites where the cold, thick, and
oxygen-rich water around S ~ 32.5 formed more frequently in
recent years. However, the data along the shelf slope in
2008–2010 (Figures 4e and 4f) suggest that there was no
WCSW with fSIM> 0 to be changed into cold water with
fSIM ~ 0 by cooling and convection with sea ice formation
(brine rejection) around the Chukchi Sea shelf slope. Instead,
the layer around S = 32.5 was occupied by PWW. In addition,
the water that formed in the Chukchi Sea shelf slope would
have difficultly contacting the shelf sediments, where denitri-
fication decreases the N* value and ammonium is supplied to
the bottom water in the following summer. Therefore, this
water could not have the characteristics found in Makarov
Basin, which had cold, thick, and oxygen-rich water with
S ~ 32.5, a N* minimum, and ammonium concentrations of
>0.5 mmol/kg. Such properties could be found in the eastern
part of the East Siberian Sea.
Temperature [ºC] Temperature [ºC]
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NO [ mol/kg]
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Figure 6. (a and f) Map of stations and (b and g) temperature (C), (c and h) N* (mmol/kg), (d and i)
silicate (mmol/kg), and (e and j) NO (mmol/kg) distributions in vertical sections along observational lines
from the western and eastern parts of the East Siberian Sea, respectively, to the Makarov Basin in 2008.
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[23] We also calculated the open water area (<15% of sea
ice concentration) in October in the eastern part of the East
Siberian Sea (160E–180, depth< 50m) from 1998 to
2010 (Figure 5b). In this region, there were almost no open
water areas before 2004, but after 2005, extensive open water
areas appeared, except in 2008. This is consistent with the
water mass changes in the Makarov Basin. Before 2004,
sea ice covered the East Siberian Sea in October, and because
of the sea ice cover the WCSW did not lose heat to the atmo-
sphere. The spread of the water into the Makarov Basin could
therefore have formed the temperature maximum of the
WCSW. However, after 2005 an extensive area of open
water occurred in October in the eastern part of the East
Siberian Sea, allowing for heat loss from the WCSW to the
atmosphere and resulting in the formation of cold, thick,
oxygen-rich water by cooling and convection.
3.4. Origin of Fresh Temperature Minimum Water
[24] The frTmin water around S = 32 in 2002 and S = 32.5
in 2008 could have been formed by modification of the
WCSW through winter cooling and convection in the shelf
areas, where the winter freeze-up has been significantly
delayed recently. The frTmin water, like the WCSW, seemed
to spread from the East Siberian Sea rather than the Chukchi
Sea, as shown in the water mass distributions along the shelf
slope (Figure 4). In addition, the eastern part of the East
Siberian Sea is a plausible site for the WCSW modification
to form frTmin water by cooling and convection. There, the
area of open water in the winter freeze-up season has recently
expanded (Figure 5b). However, in the East Siberian Sea,
there are little hydrographic data with which to study the
origin of frTmin water. In 2008, an extensive observational
cruise was conducted in the Siberian shelf seas as part of
the International Siberian Shelf Study (ISSS-08) [Semiletov
and Gustafsson, 2009; Anderson et al., 2011]. To specify
the source region of frTmin water from the hydrographic
data, we compared two sections by combining the ISSS-08
data with the R/V Mirai data collected in 2008. One section
was from the western part of the East Siberian Sea to the
Makarov Basin, and the other section was from the eastern
part (Figure 6).
[25] The frTmin water around S = 32.5 in the Makarov
Basin seemed to spread from the western part of the East
Siberian Sea (Figure 6b). At the bottom of the shelf, there
was extremely low-N* water (Figure 6c). This low-N* water
may have come from the Chukchi Sea. Its N* concentration
could have been further reduced by contact with the shelf
sediments of the East Siberian Sea, where significant denitri-
fication may occur [Codispoti and Richards, 1968; Wilson
and Wallace, 1990]. The low-N* signal appeared to spread
into the Makarov Basin with the frTmin water. The frTmin
water also had high nutrient (e.g., silicate) concentrations
at the bottom of the shelf, and this water appeared to
carry high nutrient concentrations into the Makarov Basin
(Figure 6d). However, the NO values of the water were quite
different between the shelf and the basin (Figure 6e). The
NO of bottom shelf water in the western part of the
East Siberian Sea was extremely low compared to that of
frTmin water around S = 32.5 in the Makarov Basin. The
low NO of the bottom shelf water resulted from the decom-
position of terrestrial organic matter derived from Russian
rivers, with low nutrients compared to marine organic matter
[Semiletov et al., 2005; Anderson et al., 2011]. However, the
high NO of the frTmin water around S = 32.5 in the Makarov
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Figure 7. Dynamic height (dynm) at 100m relative to 250m (dashed contours) and N* (mmol/kg) at an
isohaline surface of S= 32.8 (colors) in (a) 2002, (b) 2003, (c) 2004, (d) 2005, (e) 2006, (f) 2007, (g) 2008,
(h) 2009, and (i) 2010.
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Basin was caused by winter convection increasing the
preformed oxygen in the water. Therefore, this water could
not have been derived from the western part of the East
Siberian Sea.
[26] In the eastern part of the East Siberian Sea, the bottom
shelf water was near freezing and may have spread into the
Makarov Basin to form the temperature minimum of frTmin
water around S=32.5 (Figure 6g). This water accompanied
the N* minimum layer (Figure 6h), which was deeper than
the temperature minimum layer. The water was thought to
have originally beenWCSWwhich obtained its low-N* signal
from the shelf sediments. Because of the biological uptake of
nutrients (e.g., silicate) in the shelf area in summer, the nutrient
concentrations of the bottom shelf water were relatively low
(Figure 6i). However, the bottom shelf water had high NO
values, which were the same as those of the frTmin water
around S=32.5 in the Makarov Basin (Figure 6j). Therefore,
the frTmin water was derived from the eastern part of the
East Siberian Sea, rather than the western part of the sea.
These results, and the fact that the frTmin water around
S= 32.5 contained abundant oxygen (Figure 2h) and high
fSIM (Figure 4f), suggest that the WCSW containing a large
amount of sea ice meltwater was cooled and oxygenated by
winter convection in the eastern part of the East Siberian
Sea. This water then flowed toward the Makarov Basin,
resulting in the formation of a temperature minimum around
S= 32.5 there.
3.5. Influence of Water Mass Changes in the Canada
Basin
[27] The water mass changes west of the Chukchi Plateau
would be transported into the Canada Basin through the ocean
circulation. A drastic change west of the Chukchi Plateau was
observed as the WCSW disappeared. Before and after modi-
fication by winter cooling and convection, this water was
also characterized by the N* minimum around S = 32.8. Here
we examine the horizontal distribution of N* on the isohaline
surface of S = 32.8 and the ocean circulation at a depth of
100m near the N* minimum (Figure 7). The ocean circula-
tion was estimated from the dynamic height at 100m relative
to 250m. The water flowed along contours of the dynamic
height with higher values to the right.
[28] The flow patterns clearly suggested that changes in
N* distribution were associated with changes in ocean circu-
lation. In 2002, low-N* water seemed to spread from the
East Siberian Sea into the Makarov Basin and then into the
Canada Basin north of the Beaufort Gyre, expressed as
closed contours of the dynamic height (north of 76N at
150W). The flow pattern and N* distribution in 2003 were
similar to those in 2002, although no data are available for
the Makarov Basin. In 2004, the Beaufort Gyre in the
Canada Basin seemed to be slightly enhanced. The velocity
evaluated from the gradient of dynamic height increased
compared to that in 2002/2003, while low-N* water from
the East Siberian Sea and/or the Chukchi Sea extended north
of the Beaufort Gyre (north of 77N at 150W). In 2005–
2007, low-N* water appeared north of the Beaufort Gyre,
but we could not trace the origin of the water because of
the lack of data west of 170W. The Beaufort Gyre was
largely enhanced in 2008–2010, and its area increased com-
pared to that in previous years. In 2008, low-N* water from
the East Siberian Sea no longer extended into the Canada
Basin across the Chukchi Borderland. Along the shelf slope
of the Chukchi Sea, low-N* water persistently appeared
through 2002–2010. This low-N* water also came from
the Chukchi Sea and may have been carried by an eastward
flow located south of the westward flow of the Beaufort
Gyre, along the shelf slope, as discussed by Pickart
[2004], Codispoti et al. [2005], and Hill and Cota [2005].
[29] We used the location 79N, 150W, where data have
been obtained every summer since 2003 and low-N* shelf
water has been found up to 2007 (Figure 7), to monitor tem-
poral changes in temperature and oxygen characteristics of
the shelf water (Figure 8). This site was far from the forma-
tion region of eddies around the Chukchi Sea shelf slope,
where eddies are produced by the baroclinic instability of
shelf slope jets [Pickart et al., 2005; Kawaguchi et al.,
2012]. Therefore, this site was assumed to be suitable for
capturing the temporal changes in water masses rather than
perturbations caused by eddies. In 2003, there was a promi-
nent temperature maximum around S = 32.5, which is associ-
ated with WCSW (Figure 8a). The maximum temperature
decreased in each successive year, and in 2007 the tempera-
ture profile had a minimum around S= 32.3 and a higher ox-
ygen concentration than in previous years (Figure 8b).
Therefore, this temperature minimum around S = 32.3 was
probably formed by winter convection in the shelf area, as
described above. Although it is difficult to estimate the time
of year of the formation of this temperature minimum, it
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Figure 8. Temporal variation in (a) temperature (C) and
(b) oxygen (mmol/kg) profiles with respect to salinity from
2003 to 2008 at 79N, 150W.
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might have been early winter when the ocean lost heat to the
atmosphere (such as by cyclones) [e.g., Inoue and Hori,
2011] and was not yet covered by sea ice. In 2007, the
WCSW at this location was replaced with water with this
temperature minimum. In 2008, the temperature minimum
appeared around S= 33, which is the typical temperature
profile within the Beaufort Gyre in the Canada Basin. This
is consistent with the fact that the Beaufort Gyre extended
north of 79N at 150W after 2008. In the oxygen profile
(Figure 8b), the oxygen minimum of water at S= 32.8 had
a spike-like shape in 2003 and 2004, suggesting that the
WCSW contacted the shelf sediments before it spread into
the basin area. In 2005 and 2006, the oxygen minimum oc-
curred in a broad range of salinities around S= 33. Although
we do not know why this occurred, it is possible that the
minimum may have been produced by the decomposition
of organic matter not only at the bottom of the shelf where
the WCSW passed but also at the bottom of the shelf slope
occupied by water denser than the WCSW. In 2007, a small
peak of high oxygen concentrations occurred around
S= 32.3, which was probably influenced by the winter con-
vection that produced the temperature-minimum water
around S = 32.3 (Figure 8a). In the oxygen profile in 2008,
the oxygen concentration around S = 33 was higher than that
in previous years. This is because PWW (S ~ 33), which also
experiences winter convection and has high oxygen concen-
trations, is carried into this location by the Beaufort Gyre. In
2003 and 2004, there was a temperature minimum and an
oxygen maximum around S = 33, which are typical charac-
teristics of the PWW. However, the circulation at the
PWW level of 150m (not shown) was similar to that at
100m, indicating that this PWW originated from the west
of the Chukchi Plateau, as did the WCSW. As shown in
Figure 4, the PWW could extend to the west of the Chuk-
chi Plateau even in 2002–2004. One question is why the
PWW was not found at 79N, 150W, in 2005–2007. It
is possible that the PWW did not extend to the west of
the Chukchi Plateau in 2005–2007 and might have been
replaced by the LHW with comparatively higher tempera-
ture and lower oxygen in that region.
3.6. Influence of Water Mass Changes on Biological
Production
[30] The changes in ocean circulation could influence
the biological production in the basin area, as discussed
by McLaughlin and Carmack [2010] and Nishino et al.
[2011b]. They suggested that biological production might de-
crease within the Beaufort Gyre in the Canada Basin, where
the nutricline has deepened due to the accumulation of fresh
water within the enhanced Beaufort Gyre [Proshutinsky
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Figure 9. (a and d) Nitrate (mmol/kg) at 50m and (b and e) CTD-Chl (g/m2) in a layer from the surface to
50m, and (c and f) fSIM at the surface during 2002–2004 and 2008–2010, respectively. Dashed contours
indicate dynamic height (dynm) at 50m relative to 250m in Figures 9a, 9b, 9d, and 9e and at the surface
relative to 250m in Figures 9c and 9f.
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et al., 2009]. However, production might increase outside the
gyre (such as in the Makarov Basin), where the nutricline has
become shallower due to a large, nutrient-rich water input
from the shelf, as described in this study. Because of limited
data, previous studies did not examine the basin-scale Chl-a
distribution. We combined data obtained during two periods:
one was from 2002 to 2004 when the Beaufort Gyre was weak
and small in extent, and the other was from 2008 to 2010when
the Beaufort Gyre was enhanced and larger (Figure 7). Here
we examine the relationships among the distribution of
Chl-a (CTD-Chl) in a layer above 50m, which roughly corre-
sponds to the euphotic zone, the nutrient (nitrate) distribution
at 50m, and the ocean circulation at 50m (Figures 9a, 9b, 9d,
and 9e). The relation between the Chl-a and surface sea ice
meltwater distributions is also examined (Figures 9c and 9f).
[31] In 2002–2004, nutrient-rich water seemed to be car-
ried by a northeastward flow from the East Siberian Sea into
the Canada Basin north of the Beaufort Gyre via the Chuk-
chi Abyssal Plain (Figure 9a). High Chl-a was found along
this nutrient-rich water pathway (Figure 9b). This nutrient-
rich water corresponded to frTmin water of S ~ 32 near a
depth of 50m (Figure 4b). As described in previous studies,
the nutricline in the Canada Basin was shallower in the early
2000s than in the late 2000s. We further suggest that the
shallow nutricline in 2002–2004 was maintained by the
infusion of frTmin water with S ~ 32 and high nutrient
concentration from the East Siberian Sea. This water may
have sustained the high algal biomass in the Canada Basin.
[32] In 2008–2010, however, both the nutrient (Figure 9d)
and Chl-a (Figure 9e) levels decreased from those in 2002–
2004 in the Canada Basin, as described in previous studies.
In contrast, in the Makarov Basin the nutrient concentration
increased (Figure 9d) because of the shoaling of the nutri-
cline. This was caused by a large-volume infusion of nutri-
ent-rich frTmin water around S= 32.5, which was obtained
from the shelf sediments before it spread into the basin. The
shoaling of the nutricline may be favorable for phytoplankton
growth in the Makarov Basin. The Chl-a distribution indi-
cated that the Chl-a was indeed higher in the Makarov Basin
than in the Canada Basin, but in the Makarov Basin the Chl-a
decreased toward the shelf (Figure 9e). The Chl-a north of the
East Siberian Sea was lower than that in 2002–2004. This
might indicate that the biological production in this region
was less in 2008–2010 than in 2002–2004, despite the shoal-
ing of the nutricline. This result is the opposite of that
obtained by Nishino et al. [2011b], who suggested an
increase in biological production in the Makarov Basin
accompanied by shoaling of the nutricline and improved light
conditions resulting from sea ice loss. However, they only
speculated based on the fact that the bottom nitrate concentra-
tion increased from 2002 to 2008, suggestive of an increase
in organic matter deposition, decomposition, and reminerali-
zation as a result of increased biological production. In this
region, north of the East Siberian Sea, why did the Chl-a
decrease in 2008–2010 from that in 2002–2004, despite the
increase in nutrients? Although the Chl-a distribution is pri-
marily determined by the nutrient distribution, the surface
sea ice meltwater may also influence the Chl-a distribution.
The surface sea ice meltwater fraction fSIM increased from
2002–2004 (Figure 9c) to 2008–2010 (Figure 9f) in both
the Canada Basin and north of the East Siberian Sea. In
2008–2010, a large fraction of sea ice meltwater extended
into the region north of the East Siberian Sea and may have
decreased the Chl-a concentration. This is because the sur-
face sea ice meltwater enhances the stratification of the water
column and decreases the nutrient supply from lower layers,
thereby leading to a reduction in the algal biomass.
4. Summary and Discussion
[33] The present study found that a temperature maximum
of WCSW (S = 32.5) in the western Canada Basin and
Makarov Basin disappeared in the late 2000s. In the late
2000s, a temperature minimum of S = 32.5 replaced the tem-
perature maximum, with the temperature minimum water
seeming to spread from the East Siberian Sea to the Makarov
Basin. The temperature-minimum water around S = 32.5 has
characteristics similar to WCSW (i.e., low N* and high
fSIM), but its oxygen concentration is much higher than that
of WCSW, which has an oxygen minimum at S = 32.8.
Therefore, WCSW with low N* and large amounts of sea
ice meltwater, cooled and oxygenated by winter convection
in the East Siberian Sea, resulted in the disappearance of
the WCSW and the production of water at near-freezing
temperature with high oxygen concentrations. The spreading
of such shelf water into the Makarov Basin formed the tem-
perature minimum around S = 32.5 in the basin.
[34] A water mass boundary that divides the waters from
the east (Chukchi Sea) and west (East Siberian Sea) shifted
from the Chukchi Plateau in the early 2000s to the Mende-
leyev Ridge in the late 2000s. In the early 2000s, the frTmin
water of S ~ 32 and WCSW of S ~ 32.5 were only found west
of the Chukchi Plateau. A larger volume of PWW occupied
the area to the east of the Chukchi Plateau than to its west.
In the late 2000s, the frTmin water of S ~ 32.5, which was
WCSW modified by cooling and convection, appeared west
of the Mendeleyev Ridge. A large contribution of PWW pen-
etrated westward of the ridge. Although the WCSW and its
modified frTmin water were found in the Makarov Basin in
the present study, McLaughlin et al. [1996] indicated that,
based on the data obtained from CCGS Henry Larsen during
summer 1993, Pacific-origin water was not found in the
Makarov Basin. The Pacific/Atlantic front, which is charac-
terized by the presence or absence of Pacific-origin water,
was over the Mendeleyev Ridge at this time. Similarly, using
data obtained from the cruise of the Arctic Ocean Section
during summer 1994 [Aagaard et al., 1996; Carmack et al.,
1997; Swift et al., 1997], Shimada et al. [2001] suggested that
WCSW extended from the western Chukchi shelf slope to the
eastern side of the Mendeleyev Ridge along the cruise sec-
tion. The fragmented data coverage of these cruises in 1993
and 1994 might not capture the presence of Pacific-origin
water in the Makarov Basin. Alternatively, the cyclonic
regime of the Arctic Ocean circulation [Proshutinsky and
Johnson, 1997] might have confined the Pacific-origin water
to the east of the Mendeleyev Ridge [McLaughlin et al.,
2002]. However, the anticyclonic regime has persisted since
1997 [Proshutinsky et al., 2011]. The Pacific/Atlantic front
would therefore have moved to the Lomonosov Ridge
[McLaughlin et al., 2002]. As a result, the WCSW and its
modified frTmin water, which are of Pacific origin, were
found in the Makarov Basin in the 2000s. In addition to the
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anticyclonic regime of the Arctic Ocean circulation, which is
controlled by the atmospheric circulation [Proshutinsky and
Johnson, 1997], the recent loss of sea ice, which allows the
wind to drive the ocean circulation more effectively, resulted
in the enhancement of the Beaufort Gyre in the Canada Basin
[Shimada et al., 2006; Yang, 2009]. Over the shelf slope
north of the Chukchi and East Siberian seas, the westward
flow of the Beaufort Gyre was also enhanced, and a strong
westward flow along the shelf slope may have shifted
the water mass boundary of frTmin water/WCSW and
PWW from the Chukchi Plateau in the early 2000s to the
Mendeleyev Ridge in the late 2000s.
[35] The sea ice distribution in October (the early freeze-up
season) and the hydrographic data obtained from the East
Siberian Sea suggest that the eastern part of the sea is the most
plausible site for WCSW modification. After 2005, significant
open water areas appeared in October in the eastern part of the
East Siberian Sea. The cooling and convection in this area could
form cold, thick, and oxygen-rich water, which would therefore
have a high NO value. In the East Siberian Sea, cold waters,
which would be formed by the above process in winter and
remain until summer, occupied the bottom of the shelf. Their
NO values were high in the eastern part but low in the western
part. The frTmin water with S~32.5 found in the Makarov
Basin in 2008 had a high NO value like that found in the eastern
part of the East Siberian Sea, suggesting a shared origin.
[36] The temporal changes in the temperature profiles at a
station in the Canada Basin where shelf water with low N*
arrived (Figure 8a) indicate that the temperature of WCSW
gradually decreased from 2003 to 2006, and the temperature-
minimum water appeared in 2007. However, the open water
area in October in the eastern part of the East Siberian Sea,
where the WCSW would be modified by cooling and convec-
tion, has drastically increased since 2005 (Figure 5b). The
temperature of the WCSW should therefore have abruptly
decreased after 2005 in this area. The gradual decrease in the
WCSW temperature in the downstream area (the Canada Basin)
suggests that the WCSW that was modified in each year in the
eastern part of the East Siberian Sea did not directly flow into
the Canada Basin, but instead mixed with other water and/or
previously formed WCSW on its way to the Canada Basin.
Such mixing would smooth the temperature decrease in the
WCSW as it flowed downstream.
[37] The responses of ocean circulation, nutrient distribution,
and biological activities to sea ice melting are quite different
between the Canada and Makarov basins. The responses in
the Canada Basin have already been studied by some research-
ers. In the Canada Basin, the Beaufort Gyre has recently
become enhanced by the melting of thick, solid multi-year
ice, which allows wind to more efficiently drive ocean circula-
tion [Shimada et al., 2006; Yang, 2009]. An enhanced Beaufort
Gyre increases the freshwater content in the Canada Basin
[Proshutinsky et al., 2009]. The accumulation of fresh water
and nutrient-poor surface waters can inhibit nutrient supply
from deep layers and thus decrease phytoplankton production
[McLaughlin and Carmack, 2010]. A quite different situation
has occurred in the Makarov Basin. In recent years, the sea
ice has retreated from the East Siberian Sea into the basin area
in the winter freeze-up season, resulting in the formation of a
large-volumewater mass by cooling and convection. This water
mass has high levels of nutrients obtained from the shelf sedi-
ments, and its infusion into the Makarov Basin makes the
nutricline more shallow. Hence, because of this favorable nutri-
ent availability for phytoplankton growth, phytoplankton bio-
mass is prone to increase in areas where the sea ice disappears
or becomes thin in summer, allowing light to penetrate the
water for photosynthesis [Nishino et al., 2011b]. However, the
sea ice meltwater has the effect of increasing the surface ocean
stratification. This inhibits the nutrient supply from subsurface
layers, resulting in a decrease in biological production. In the
late 2000s, a large fraction of sea ice meltwater occupied not
only the Beaufort Gyre in the Canada Basin but also the region
north of the East Siberian Sea. In this region, the algal biomass
became low compared with that in the early 2000s, despite the
shoaling of the nutricline. If the more extensive melting of sea
ice occurs, biological production in the Makarov Basin would
be reduced, even with a shallow nutricline.
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